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Fast, sensitive avalanche photodiodes (APDs) are required for applications $ugh-sgeed data
communications and light detection and ranging (LIDAR) systems. Unfortunately the InRAAS |
used at the gain material in these APDs have similar electron amdéhipmct ionisation coefficients
(o andp respectively) at high electric fields, giving rise to relativieilgh excess noise, limiting their
sensitivity and gain bandwidth product (GBPhlere, we report on extremely low excess noise in
AlAs 56Shy 44 lattice matched to InP. The dedugid ratio as low as 0.005 in the avalanche region of
1550 nm is close the theoretical minimum and is significantly smaller thiaor§ilvith modelling
suggesting that vertically illuminated APDs with a sensitivity of -25.7 @Bra bit-error rate (BER)

of 1x10% at 25 Gb/s at 1550 nman be realised. The findings could yield a new breed of high
performance receivers for applications in networking and sensing.

The advantages of using InP based APDs at traditional telecommunication waeleh$§810 nm

and 1550 nm as a way of increasing sensitivity and speed of communicationrkeetsvavell
documentet’. Such APDs utilise InGaAs lattice matched to InP substrates as the absorber and an
InP orInAlAs gain (or multiplication) region in the Separate Absorption and Mwéfbn (SAM)-

APD configuration. However due to the broadly simppés ratio in these materials, particularly at
high fields, their sensitivity and GBP are limited, hampering their uigedsit rate increases beyond

10 Gb/s. The best results at 25 §&/50 Gb/s currently utilise 100 nm thickinAl As multiplication
regions and these provide a sensitivity of between -22.6 dBm to -10 dBm reddpeaiia BER of
1x10'>7. There have been many attempts at improving the performance of APDs for
telecommunications, for example utilising G&/Si nanopillars', AlInAsSb*** or InAs™, however
these face problems such as limited wavelength operation, often requiring difficult growth prscedur
complex fabrication technologies or the use of more expensive substrates. Inttdriswke
demonstrate that the InP lattice matched alloy system oAk 44 with its very smallp/a ratio*®

leads to extremely low excess noise at room temperature, even at high gaeeginexdhe
performance of all materials lattice matched to InP and even silicon. Tthesneky smalls/o ratio
changes the paradigm whereby high speed APDs always use very thin avalanchingstrocoe
where both high speed and sensitiaainbe achieved with thicker avalanching structures.

Three AlAg s6Shy.4s Structures with avalanche region thicknesses of 1550 nm (P1), 660 nien¢(P2)
1150 nm (P3) in a PIN configuration and two NIP structures with avalanche régiknesses of
1550 nm (N1) and 668m (N2) were investigated. Fig. 1a shows a schematic diagraPi wfith
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details of the other structures, the growth and fabrication techniques givémetimod and
Supplementary section. For comparison, two AlAs«Sh .44 PIN structures with thin avalanche
region thickness of 230 nm (P4) and 80 nm (P5) reported previougye also measured. Figs. 1b
and 1c show the multiplicationM) and the I-1) data respectively obtained using different
wavelength illumination on these avalanching structures as a function of reverse bias. By potting (
1) on a log scale in Fig. 1b, we can see how the onset of the avalanche process witAnges
wavelength more clearly.

The excess noisé-) of the photocurrent when undergoing avalanche multiplication is shown in Fig.
2a-c. No excess noise data could be obtained on the two NIP structures with 4R@nimation as
there was very little pure hole initiated multiplication. The exce$senohen electron initiate the
multiplication is conventionally characterised by thfactor, defined by Mcintyré as the materials
pla ratio whena>f asFe = kM + (1 — K)[2 — 1/M]. These are shown in Fig. 2a-c as dashed lines for
differentk values and to obtain low excess noise at Mgk has to be very low. When pure electrons
initiate the avalanche process (Fig. 2a), the P1 and P3 show very low excesBdomedsponding

to effectivek values of 0.005 and 0.012, respectively. P2 demonstrates a larger eKeift¥®4 due

to the higher electric field encountered and hence lat@geras shown by Yi et af, a trend further
exacerbated in P4 and P5 even with the advantage of dead space’étfd@tte Fe measured in 100
nm thick and 2500 nm thickAlAs?%, currently the best lattice matched avalanche material for InP
based telecommunication APDs, are shown in Fig. 2a. Commercially availatbe sNPDs have
been reported with lower excess noise characteristics as shown in Fig.tRia bequires very thick
structures with high operating voltageDue to the large asymmetry énandp, Fig. 2b and ¢ show
that the excess noise increases as the wavelength of illumination increase®bh strectures with
the opposite trend seen in the NIP structure as one might expect qualitativelys RedeB followa
similar trend as P1 and P2 (see Supplementary section 5). Undst gaixier injection conditions,
the F does not follow the theoretical Mcintyre expression given earlier and teecurrently no
suitable model to predict this noise behaviour. Fig. 2d shows th&d.tlesults atM ~10 are in
agreement with AlAsseShy.4s ionisation coefficients and Mclinty'® model forP1-P3 structures
suggesting the excess noise behaviour is dominatgd:tin AlAsoseShy 44 avalanche regions > 660
nm butis reduced by dead-space effects for the two thinnest structures. Interesiitighyy Al xAS;-

ySh, on GaSk*'* also shows extremely low excess noise. The reductigntiere was attributeth

high phonon scattering rates and the heavy effective hole mass associated wahgeh&b
component and a similar mechanism may explain the results reported here ofs&Bs.

Having demonstrated convincing experimental evidence of very smadllues, we analyse the
potential benefits of adopting AlAssSky 44 in high speed APDs by undertaking a full bandwidth and
sensitivity analysis on a number of design structures to estimate the thegeticainance of a
typical SAM-APD. Such a model is sensitive to the exact parameters used so we haetabeely r
conservative in the assumptions of carrier velocity, dark current and the faldrains-impedance
amplifier (TIA) noise, the values of which are given in the SupplementarpsegtiThes structures
have different thicknesses of AlfsSh) 44 multiplication regionswm, and the combined thicknesses
of undoped InGaAs absorber, field control and grading layersA Maximisedinduced current
(MIC)" absorber design (described in Methods) can provide for a responsivity of 0.92tA/S%0
nm and a responsivity of 0.69 A/W at 1310 nm while minimising the InGaAs absorbereissck
Carriers are created in the InGaAs layer according to the Beer-Lambert lawlafterthey drift to
the avalanche multiplication region. A Random Path Length (RPL) rieded used to simulate the



impact ionisation process within the multiplication region using iolisgbath length probability
distribution functions determined by experimental electron and hole i@msetiefficients’. With
50000 trails, we can obtain statistically acculste= <Myia> andF = < Myia 2>/< Myia >* as a
function of reverse bias. Assuming values of & and 6.65xX¥dn/s for the electron and hole
drift velocity respectively, and using Ramo’s theorem”* we can also obtain the mean current impulse
response (see Fig. 3dourier Transforminghis mean current impulse response allows us to obtain
the bandwidthfgss) from the -3 dB point in the frequency response (see Big.Fg. 3¢ shows the
theoretically predicted GBP for AlAssSh.4s APDs and measurement on Ah.ssGay.15AS0 565k 44
structuré”. We undertook a similar GBP calculation for InAlAs APDs utilising the satidn
coefficients of INAIAS* and compared that to experimentally measured réstiltgrom the literature
The significantly larger GBP for AlAssSkhss APDs can be clearly seen and no significant
improvement occurs for multiplication regions below 600 nm akthalue starts to increase. The
sensitivity at a BER of 1 and an extinction ratio of 10 dB was calculated as described by Adrawal
and Ong et al’. The receiver signal was determined by the average input optical gewand the
diode responsivityR. The total system noise was determined by the sum of noise power from the
APD and the commercial available trans-impedance amplifier (TIA) noise asibédsén the
Methods section. Fig. 3d shows the sensitivity achievable with differeat a wavelength of 1550
nm or 1310 nm andm, of 1500 nm, 1000 nm and 600 nm for a BER of 1¥1Big. 3 shows the best
sensitivity and speeds based on SifGand InGaAs/InAIAs "> APDs that have been reported in the
literature compared to the simulations in Fig. 3d. The modelled results in Fsgggest that even
with 600 nm ofwy, we can operate the device at 1550 nm at 25 Gb/s with a sensitivity of -25.7 dBm
as we can utilise a multiplication eB. By operating at 1310 nm with a thinner absorption layer, we
can potentially operate in normal incidence with 600 nwpat 40 Gb/s with a -20 dBm sensitivity
and everat 50 Gh/s with a -15 dBm sensitivity. The predicted performance for the 2.5 a@d/40
devices here are limited by the device surface dark currents and the SRAassumed, rather than
factors such as the avalanche build-up time or the avalanche excess noise. Ilseglltioa
significantly smallerk of AlAsgseShy.44 compared to INAIAs enables a larger multiplication to be
achieved before the speed is limited thereby improving the sensitivity.

In summary, the demonstration of low excess noise in A& 4+ enables a significant
improvement in sensitivityn receivers operating at very high bit rates. For other applicatioas lik
LIDAR, where speed is less of an issue, the much lower effdctradues should enhance the signal
to noise ratio of an AlAsseShy.42 based APD over existing material systems.

Methods

Epitaxial growth and device fabrication. The AlAs seShy.44 homojunction PIN/NIP structures are
grown on epi-ready InP (001) substrates, via a digital alloy growth techimcué/eeco GEN930

MBE reactor, in which both Asand Sb fluxes are controlled by using valved cracker cells. Standard
metal ohmic contacts were deposited and optical lithography and wet chemical etabinged to
fabricate mesa diode¥he exposed mesa sidewalls were passivated with SU-8. Further details of the
growth and device fabrication can be found in Yi €t alhd in Supplementary section 1.

Absorption coefficient. The absorption coefficients were obtained by fitting to the external quantum
efficiency based on current continuity equation (Sepplementary section 3).



Multiplication gain and excess noise. The multiplication and noise measurements were performed
using 3 different wavelengths and a phase sensitive measurement technique as dgscrieeal!”.
More details of the measurements undertaken and analysis is provided in Supplementary section 2.

Sensitivity analysis. The MIC absorber desigassumea 500 nm undoped InGaAs providing a unity
gain responsivity of 0.92 A/W at 1550 nm and a 100 nm undoped InGaAs providing a unity gain of
0.69 A/W at 1310 nm. Tan et @ showed that it is possible to grade the heterojunction offsets and the
electric-fields in an InGaAs-AlAseShy 44 SAM-APD within 100 nm. The noise power from APDSs,

Narp, is approximated bW ., =20x (RxPxM +1,xM +1,)xM xF x f , o whereq is electric

charge,l, is the bulk leakage current angis the surface leakage curreM, is the avalanche
multiplication, F is the excess noise factors, da# is the -3 dB bandwidth of the APD obtained by
Fourier transforminghe APD’s impulse current response. The estimation of the APD’s bulk and

surface leakage current is based on the measured dark 1V from differentedidewétes as shown in
Supplementary section 6. The carrier saturation drift velocity is simildretwalues used to fit the
gain-bandwidth product of a recently reported ING@\sssGan1:AsSb SAM-APD®. Details of the

TIA noise used are also given in the Supplementary Section 6. The BER was computed in the
conventional mannéf*® taking into account the mean and variance in the receivers output bit and
setting the decision threshold at the middle.
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Fig. 1. Schematic diagram of P1 and measured multiplication results. a, Schematic diagram of the
P1 mesa devicevith 220 um diameter. b, Measured multiplication at 420 nm wavelength versus
applied reverse bias for the PIN structures. The dashed lines are théidhkeatues wherk = 0. c,
Measured multiplication at different wavelength (420 -atlue, 543 nm- green and 633 nm red)
versus applied reverse bias for the 660 and 1550 nm PIN (solid lines) and iniferes (dashed
lines). The quantum efficiency of these samples as a function of wavelengithown in

Supplementary section 3.
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Fig. 2. Measured excess noise results. a, Measured excess noise versus multiplication with 420 nm
illumination on all PIN structures compared with reported excess noise lidgfiAand a commercial

Si APD”. b, Measured excess noise versus multiplication at different wavelengths for the 660 nm PIN
and NIP. c, Measured excess noise versus multiplication at different wavelengths for the 1550 nm PIN
and NIP. d, The excess noise and applied voltagd (&t0) versus avalanche width for AsShy 44

PINs with 420 nm illumination and the InAlIAsSb result from Woodsorhe black and red symbols

are the measured excess noise and voltage®! fotr0 while the lines are Mclntyre’s local model
calculation for the excess noise (black) and the breakdown voltage (red). Tiiaghed lines in (a)-

(c) are calculated MclIntyre’s excess noise for different k increasing from 0 in steps of 0.05.
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Fig. 3. Optical sendtivity modelling. a, The calculated mean current impulse respons¢ -a10. b, The
predictedfsss versusM for AlAsyseShy.s/INGaAs APD characteristics as a functionvef. ¢, The
predicted GBP for AlAsseShhas APD (red star), and InAlAs APD (open triangle). The measured
GBPs for InAIAs APD“>*"are also included for comparison (closed triangle) as is the measured GBP
for AlossGan.15AS056Skh.44” (closed circle). d, INnGaAs/AlAsSky 44 APD sensitivity withw, = 200 nm

(lines) and 600 nm (symbols) for differamt, were simulated at 1550 nm (2.5, 10 and 25 Gb/s) and
1310 nm (40 and 50 Gb/s). e, The sensitivity potentially achievable in InGaAskShs.. based
APDs with w; = 200 nm and 600 nm compared with Si’fGeand InGaAs/InAlAs APDS. The
reported InGaAs/InAlAs APDs at 25and 50 Gb/s operated at 1310 nm. The 40 Gb/s
InGaAs/InAlAs APD result is for a waveguide structure while others are normal incidence structures.



